. Overall framework of the system.
In wireless communication, ZigBee wireless network nodes are composed of two types of nodes, i.e. a Full Function Device (FFD) and a Reduce Function Device (RFD) [4] . The ZigBee FFD nodes can be used as a network coordinator or a central control node, which can communicate with any other device that has the ability to acquire data. The RFD nodes are responsible for collecting the parameters such as light intensity, voltage and current. The field data are processed and sent to the coordinating node through ZigBee network.
The Upper computer is responsible for the real-time monitoring of the street lamp operating conditions. It will send out the corresponding control instruction according to different working condition. The ZigBee FFD nodes receive and transmit the control command, so as to change the output signal of the corresponding street lamp dimming. The terminal module is equipped with data acquisition function, through wireless communication and serial port to send data to the Upper computer. Network nodes use CC2530 as the microcontroller. CC2530 is the latest second generation chip system of TI company with more excellent RF performance, programmable 256 KB flash memory, smaller package size and IR generating circuit [5] , [6] . FFD nodes and RFD nodes structure diagram are shown in Figure 2 and Figure 3 . 
HARDWARE DESIGN

Node control circuit
Network nodes is the basic unit of the whole system, the hardware part selects the SOC chip solution to achieve ZigBee communication. CC2530 is used as the control chip. This chip is based on an enhanced 51 core 32 bit microcontroller and the wireless RF SOC. Its internal structure not only contains both general MCU universal resources and peripherals, but also has a special RF module. It can greatly improve the system reliability and stability. Meanwhile, CC2530 chip has very high integration level. The peripheral circuit can work normally with a small amount of resistors, capacitors, inductors and crystals connected [7] . Figure 4 shows the hardware schematic diagrams of these nodes. From a hardware perspective, the control circuit part of FFD nodes and RFD nodes are the same, as shown in Figure 4 . It includes the CC2530 module, power supply module, crystal oscillator module, a key module (RESET is the forced reset button), serial port module and a downloading module, etc. Among them, ADC is a digital converter interface. RXD and TXD are the transmission and reception ports of the serial communication.
RFD node voltage acquisition circuit
As an intelligent lighting control system, it must be able to view the working state of the street lamp nodes in real time. This design uses the differential amplifier circuit and the following circuit to detect the voltage of the street lamp nodes. The detailed circuit can be seen in Figure 5 . From this figure, we can find that the TL431 reference circuit output voltage V1 is filtered with C3 and sent to the inv-input of the differential amplifier, and the non-inv-input is achieved by the resistor divider of R5 and R6 with the voltage V2, which can be derived from the street lamp output voltage Vo by a simple resistor divider of Ra and Rb. Then after the differential amplifying circuit and the following circuit, we can obtain the voltage Vout2, which as the input voltage sampling to connect with the MCU ADC sampling port P0_0 [8] . Formulae of the related parameters can be calculated as follows:
Here: Vout1 is the differential amplifier circuit output voltage. Vout2 filtered with C4 is the following circuit output voltage. They have the same theoretical value. Vadcin is the ADC input voltage sampling value. So we can obtain the following relationship between Vadcin and Vo, which is shown below:
Through the above process, MCU can effectively collect the voltage across the street lamp in real time, and monitor the work state of the street lamps.
Dimming circuit
The dimming circuit in this scheme uses the PWM dimming mode, CC2530 produce the corresponding PWM signal according to the detected voltage value of the street lamps. PWM signal can adjust the LED street lamp current, so as to change the light intensity. This design uses the current loop feedback control principle to determine the pulse width modulation (PWM) signal [9] . The detailed circuit can be seen in Figure 6 . As shown in Figure 6 , the street lamp output current Io is converted into voltage Vs by the sampling of Rs resistance, and then be sent to the inv-input of the differential amplifier. The voltage Vq connected to the non-inv-input is derived from the PWM signal, which is affected by the following circuit and the filter circuit. Formulae of the related parameters can be calculated as follows:
Here: D is the duty cycle of the PWM signal. Vp filtered with Cn is the average voltage of the PWM signal. Vs and Vq have the same theoretical value because of the current loop feedback control principle. Vo is the street lamps output voltage. Von is the street lamps threshold voltage. Ro is the equivalent resistance of the street lamps. So we can get the following relations:
After a series of above processes, it becomes obvious that the duty cycle D changes with the current Io. So we can through CC2530 chip to generate the PWM dimming signal according to the detected voltage value or current value of the street lamps, so as to achieve the purpose of intelligent dimming.
SOFTWARE DESIGN
In this system design, the street lamp communication use Z-stack 2007 Pro as the Zigbee communication technology protocol stack, and the application layer program is written to realize the function of street lamp monitoring. Considering the street light is chain structure, which belongs to one kind of tree network. Therefore, the field street lamp nodes configuration, in addition to the coordinator, become the router [4] , so that it has the characteristics of routing and relay. For FFD nodes, its major work are responsible for the formation of the ZigBee wireless network and send the voltage data massage received from the street lamp to the Upper computer through the serial port [10] . Figure 7 shows the detailed flow charts of FFD nodes.
FFD nodes flow chart
In the street lamp control system, FFD nodes have the responsibility to create and manage the network, allow other RFD nodes to join and exit the network, and allocate their network address. The data information of the RFD nodes is collected through the network transmission, and then sends the data massage to the Upper computer through the serial port. At the same time, FFD nodes receive the control commands from the Upper computer, and then transmit the control commands to the RFD nodes to control and adjust the brightness of the street lamps.
RFD nodes flow chart
For RFD nodes, its main job is to periodically collect the nodes voltage data, and send it through ZigBee wireless network to the FFD nodes [10] . RFD nodes are installed on each street lamp, which is used to control the output state of the city streetlights. We can see the detailed flow charts of RFD nodes in Figure 8 . From this figure, we can find that firstly the RFD nodes apply to join the network that has already been established, after joining the network successfully, it will get the address information from the FFD nodes distribution, then it receive the commands transmitted from FFD nodes and control the actual operation of the street lamps, finally the RFD nodes will send the streetlights information back to the Upper computer until it receives the next command.
Design of Upper computer monitoring software
The Upper computer can directly send out the control instruction and monitor the operation conditions of the whole system. It connects the FFD nodes and sends the control commands through the RS232 serial port. The Upper computer receives the data message from the network nodes and reflects it in the PC monitoring interface.
In this design, the Upper computer takes Labview as the control interface. Labview software is the core of NI design platform. It provides a lot of controls appearance similar with the traditional instruments, such as oscilloscope, multimeter, etc., which can be used easily to create a user interface. The users can control the objects on the interface by using the graphical source code, which is known as G code [11] . The resulting program is a block diagram of the form. Figure 9 shows the detailed program control block diagram of the PC. The main function of this monitoring interface is to realize the data acquisition and analysis by using the Labview software. Program design mainly uses the DAQ module and the EXPRESS module [12] . The DAQ module is used to design the whole system of the data acquisition. The data acquisition card is connected with the PC through the USB interface. According to the needs of the system itself, the users can control the sampling frequency and the sampling number to acquire the data message continuously and display it in the EXPRESS module. We can easily observe the data information in the PC monitoring interface.
SYSTEM TEST RESULTS
In order to verify the feasibility of the whole scheme, we build the hardware experiment model of the whole system. The detailed system working circuit diagram is shown in Figure 10 . The whole system consists of the following three parts: the high efficiency LED power driver module, the upper computer real-time monitoring interface and the ZigBee wireless communication network module. As shown in Figure 10 , we can see that the LED power supply ensure the high power factor in the whole system operation. The power factor is 99.6% when the input voltage is about 220 V, it is clear that the system can work normally.
Reliability is an important index to measure a monitoring system, especially for the data acquisition, the high data accuracy is essential for judging the working state of the street lamps. Therefore, in order to verify the system reliability, the output voltage of the street lamp node is collected in the laboratory under the normal temperature. The testing results are shown in Table 1 . The actual value in the table is the testing results of the meter and the oscilloscope. The shown value in the table is the data message, which is displayed in the Upper computer monitoring interface. From this table, we can see that the relative error of the voltage sampling is small. Errors are mainly generated in the process of ADC sampling, software calculation and the short testing time. For these reason, the system is tested for more than 60 hours at the same temperature when the output voltage of the nodes is 80 V, the testing data are shown in Table 2 . We can draw a conclusion from Table 2 : RFD nodes collect street lamp voltage, which is transmitted to FFD nodes through the wireless network. After 60 hours of testing, we can find that the data has higher accuracy and less error. Meanwhile, the system is relatively stable and can be transplanted.
CONCLUSION
To save energy consumption and realize the automatic control of the street lamps, which is the demand of urban modernization, a system that has the function of intelligent and real-time monitoring has been proposed to reduce the unnecessary energy wasting of lighting resources. The system is designed based on ZigBee wireless communication technology, and Labview is applied as the Upper computer monitoring interface. New or abandoned street lamp nodes can self-form a network. System maintenance is very convenient and a lot of manpower and material resources can be saved with the street lamps management. Compared with the traditional street lamp management mode, this system has a lot of obvious advantages.
